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TRACK RECONSTRUCTION OF NORMAL MUON DECAYS IN THE
LAMPF TPC: ONE WORKING SCHEME

R. J. McKee
Los Alamoa National Labortitory,Los Alamos, NM. 87544

ABSTRACT

A working scheme for track reconstruction of normal muon
decays in the LAMPF TPC Is here outlined. Muon tracks stopping
irIthe TPC and helical electron tracks from muon decay are both
identified and fitted for complete event reconstruction. “aecauae
of certain geometrical characteristics of the TPC, rlovel
techniques are deployed to find the tracks. Normal road tracing
methods do not work reliably; they are replaced by, among other
things, a random searptitechnique that locates the helix’s planar
projection and a carefully worked-out method for correctly
?uttlng each coordinate on It@ proper turn in the helix.

PROBLEMS FACED BY THE PATTERN RECOGNITION ALGORITHMS

My colleague, Wayne Kinnison, has described elsewhere in
some detail what the LAMPF TPC looks like. I shall here briefiy
review the salient features of the TFC with an emphasis on how
tho~e feoturen relate to the special problems any track finding
algorithm must face in Porting out track topologies,

The readout plane of the TPC consists of 21 identical
rectangular modules. The rectangles are anuggly fitted in a
p~tteim roughly circular in shape, With an effective radius of
50 cm, the circular pattarn stretches far enough to fully contain
nny helical track from muons decaying in the center wh(!n the
field is raised to 6.7 kilogauss, the nominal field setting. The
drift length la 52 cm. E&ch module is strung with 15 eense
wires, each wire posaeasing a retinue of 17 pado linad up cozily
underneath, Une c~ntimeter kdparates neighboring wires from one
another and also dascrihee the center-to-center pad separation.

But despite the exiotence of 315 wires ●nd 5355 pads in the
eyrntem, dead regiono ebound. Each module with ita CILI frama
contri$l)tao 39.5X of its total ●rea to the dead r~gione, These
dead rcgiona meander throughout the whole clrculnr pattern of
modulen, complicating tho topology for helical tracku (~ce
Fig. 1) Any given track, for example, might decide to spend
moot UC ita time traveling over G1O instead of wires and padn,
more than th~ 39.5X miRht ●u8geat.

The dlflitizera,with th?ir flanh ADC’a and their ability to
record tl~etima cwolution of avarything a pad aeneen, permit th~
occurrence,?of coordinat~fi with the name (x,y) but different z’0,
Helival tracku of nore than one turn , an many turnu au can ftt in
the drift lit~are,are fully di~ltized. This ia u very fine
feat~,rc for le~tuing an much ae posuible about earh track. But
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the algorithms muet be prepared to handle the special deawds
introduced by multiple turning helixes.

Although our interest centers on the helical electron track,
we cannot ignore what the incoming muon IS doing. Learning aboat

the muon track serves two useful purposes:

(a) Helps the alg(~rithms ;et started on the
electron track.

(b) Leads to the muon’s decay time, whose average
should come out to be 2.2 psec.

The muon enters the TPC nearly parallel to the magnetic
field and, being a degrcded eurface muon, loafs along uo
leisurely that it stops in the gas. The muor, orbit is not,
strictly speaking, a straight line. Multiple scattering and any
transverse component to the momentum turn the orbit into a fuzzy
decaying helix, especially near the point where the muon atopa.
But details of the muon’s orbit concern us not too mw:h. It is
th&t stopping point that chiefly concerns UG.

The muon orbite are prompt, the electron orbits delayed.
That is, the trigger counter that eenses a muon enterin~ the TPC
starts the digitf.zer clock going, the C1OCA that counts time
buckets, and that in turn insures correct measurements of the
muon’m z coordlnatee. Nc~ so for the electron. The muon sits
there waiting to decay. Zn the meanwhile ‘he clock is
re.eutlesaly ticking off the buckete. It tick.aan average of 2.2
unec befora the muon decayn, ● time which in our TPC IS

equivalent to a z-clfstance of 14.3 cm. So the z coordinates of
the ●lectron are goin~ to be too big, sometimes by only ● little,
oometimee by a lot. This delay of the electroc, this apparent
drifting up of the helix, must be kept firmly in mind by the
algorithms.

Unfortunately, there is uu sure-fire way cf tagging the
coordinate- ●s to patticle type. Muons, !m.!ng more heavily
ionizing, induce ON the averagu a bigger signal on the sense
wirae than do the electrons. High level discriminators vlewin6
the central module, where &ll the muonti congregate , tdka
udvantage of the greater it~duced Charge att doee the acftwara in
looking at the di~itized ci~nala fr(lm the WlrQ!S. But muon
coordinetee can oometimer be ta~ged MS electron coordinate And
vice versa. Simple geometrical conaiderntionn, like knowing that
only the cmntral module cun Bee muone~ help to some extant- Ihlt
in the nd, only an appenl to topology can oort out who’s really
who ●

In Fi~n. 1 through 3 I pr~sent a typical ●v@nt fully
reconstructed. Thin exnmple nhowm the muon track, ❑arked by the
M’n, and the helical alectron track, Wlloae coorrlll~ateeare
Indicnred by X’n or hexed X’n, For theme comj~uter-~ye viewn, tile
height of thtshelix Iutnalready been adjusted to ●ccooxnodate the
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I$iR. 1. A reconetruclad event in thp full TPC.
Perspective view, top view, nnd aide view.
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Fig. 2. Top and t!ideviewe of tracks in central module.

muon decay t~me. 10 Fig. 1 I show what the tracks look like in
the full TPC. Figure 2 ie a elope-up glance at the central
module, which det.aile the muon track and a piece of the helix.
In tbe top view the computer drew all the wireb but for cldrit.y
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Fig. 3. Top view of helical track in three of the module~.

none of the pads. Figure 3 ahowe top v!ew~ of three of the other
modules ov?r which the helix nweeps. Again the wires are shown,
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but in addition some of the pads, the ones that lit up, are
indicated by the hexagons, whose areas are proportional to the
induced charge.

The algorithms face other hurdles. Coordinates that should
ha’-ebeen present may be missing: In hardware the wire may have
failed to fire; in software the algorithm reconstructing
coordinates may have rejectad the wire turn-on. Or there may be
extra coordinates. Multiplexer ambiguities can mtribute
spurious ones. Others may result from real but unwanted tracks
like cosmic rays. Finally, there are imprecisely determined
coordinates, coordinates displaced from where they should be.
Imprecise coordinates put a somewhat greater strain on the
algorithms. Tube sizes about tentative roads through the chamber
must be maintained larger than they would otherwise need to be
with a higher probability of finding a wrong solutio~~ to the
topology or missing it altogether.

The following discussion covers four topics: How the muon
track is found, how the helix track is found, how the helix is
fitted, and finally how muon track and helix are put together to
yield the full topology.

MUON TRACK FINDER

The algorithm that searches for the muon track starts oii
with a pessimistic assumption: Because of possibly wrong tagging,
~ coordinate found in the fiducial region might turn out to be
the laat coordinate on the muon orbit. The fiducial region is
that volume in the chamber where, according to the tri~ger, the
muon is ralpposedto stop. The algorithm takes every point in the
fiducial volume, regardleaa of ita initial tagging, and tries to
construct a muon track on that point, one stopping there. In the
end the algorithm winds up with a clutch of muon track
candidates, one of which mhould be the true one. The candidates
are ranked in the order in which they are tried in an effort to
find the helix.

How is each candidate found? A blunted cone, its flattened
nose pointing dcwnward, is drawn about the candidate point lying
in the fiducial volume. The bluni.ednose has a radius of 1.1 cm,
enough to touch the two neighboring wjres. The cone flares out
at the rtite of 1 cm for every 5 it gains in elevation. Only

points tagged as muons and scooped up by the inverted cone, as
well as the c~ndidate point itself at the nose of the cone, are
considered for the candidate track. A straight line is fitted to
this initial set of points, then the points are iterated in a
tube of 1 cm radius; that is, a tube of 1 cm radius is drawn
about the strajght line fit, pointe outside the tube are
discarded, a new fit is made, a new tube drawn, etc., until no
more points are toesed out. If after all that the candidate
point hae nucceeded in gettinb i*self teased out or if thete are
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no tagged muon coordinate left, the candidate track is given the
heave. It’s also chucked if its slope is not steep enough
(directional cosine must be > 0.9).

One interesting thing: The candidate track need only consist
of a single coordinate, the candidate point that started the
search gaing= In this case the fitted “track” is a vertical line
drawn through the point. But from what I said in the last
paragraph, the one coordinate must be an already tagged muon.

Now for the order of ranking. Highest honors go to the
candidates with the most coordinates. A candidate that is a
subset of the true track is therefore ranked lower, an obvtously
desirable feature. Candidates that tie in number of coordinates
are ranked by obliquity: Steeper tracks are given the preference.
Candidates that tle in number and are perfectly vertical (several
one-coordinate candidates, for example) are ranked by how close
they come to the center of the chamber: the closer, the higher
the rank.

In the search for the electron helix, the highest ranked
muon candidate is tried first. If no helix is found, the next
highest ranked muon candidate is tried, etc., until finally we
have In hand a totally acceptable solution to the topology. Or
until all candidates drop by the wayside. In which case the
event is dropped.

HELIX TRACK FINDER

The search for zhe helix forms the heart of the problem. By
comparison, finding che muon orbit is only a minor diveralon.
Knowing the location of the muon track is helpful in verifying
the topology as a whole, but the real test of the algorithms’
mettle comes when they turn their attention to bringin~ the
electron helix into the light of day.

The algorithms launch a two-phased attack. The firat phase
is designed to find the circle, which is the helix’s projection
onto the xy-plane. Hav!.ng found the, circle and fitted it, the
algorithms use the result to unravel @ vs. z, where $ iG the
azimuth angle of each coordinate on the circle. At first blush
this second phase seems trivial, that there’s nothing to unravel.
Isn’t 7 a linear function of ~ and needs only to be fitted with a
straight line? But as I will show later, some of the most
formidable difficulties of all stand in the way of the solution
to this seemingly trivial problem.

But first the circle finder. Hers the algorithms deploy
strategies tihich may be unique in the history of track f~nding.
With the existence of circles of any FIdius and orientation
superimposed on our pattern of modules (the only common motif
being that the circles pass through the central module), there is
no clear way of getting a road started in a systematic fashion,
then following it. Coordinates of finite precision and their
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closenes,: to one another in a module, sudden and large jumps
across dead areas between modules, are apt to defeat the best
effoi.s at systematic road tracing. The algorithms don’t even
tr’ . What they do is pfck at random quartets of x,y-points, fit
a circle to each quartet, ~oncoct a single parameter from the
three parameters of the fit, and histogram the result. Many
quartets are chosen, 50 to be exact. ~he reasoning behind this
procedure is simple: Because of the possible existence of
spurious coordinates, some quartets may give wrong results. At

least the algorithms don’t assume that a given quartet will
reveal anything reasonable. But most quartets do; most quartets,
bzing a subset of the real circle, yield parameters that cluster
about some central value. So the problem of finding the circle
is metamorphosed into the simpler problem of searching for a peak
in a histogram.

But don’t think for one moment that the algorithms accept
every quartet willy-nilly. Each fitted circle must pass certain
tests: The rms cannot be too large, the radius as well as the
center of the circle must be within bounds, the circle has to
pass close to the place where the muon stopped (or rather, the
stopping point of the muon track candidate under consideration).
This last test Is a rather important one, for if there happen to
be two helixes in the chamber, the decay electron and some
unrelated spurious track, this test greatly increases the chances
of the algorithms’ grabbing onto the right track.

In binning the parameter found from fitting each quartet,
the algorithms take some care in selecting the bin size and
number of bins. Tt is desirable to have the peak sticki,lg up
prominently above background and at the same time have a way of
finding its position without doing any fancy fitting. The
algorithms choose the number of bins to be just equal to the
number of accepted quartets. That makes the average count per
bin be one. If in addition the range of the histogram is chosen
to just barely contain the lowest and highest of tie parameters,
the bad quartets will scatter themselves more or less unlfonnly
throughout the whole histogram, with much less than one count per
bin on the average, while the good quartets will concentrate in a
small areo, perhaps in one or two bins, each bin having many
counts. That makes the chore of finding the peak an easy one.

The algorlthrns, in forming the initial set of points for the
circle, draw on the coordinates from the good quartets. The
final set is extracted by iteration in a circular band of a giv~n
width. The set Is fitted to a circle, a band of a certain width
is laid around the circle, points not belonging to the candidate
muon track but falling in the band form the next set, this set is
fitted to a circle, etc., etc. And so the iterations go until
the algorithms find the same set of point~ two times in
succession or until the set falls below a membership of six
points, in which case the search fcr the circle IS declared a bum
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steer. The half width of the circular band is larger on the
first round, then squeezed tighter once for all subsequent
rounds.

With the circle found, the problem is now + vs. z. For that
I will write down the helix orbit equations we habitually use:

x.a- ~COS(KS - +.) (1)

y = b + psin(Ks - $.) (2)

z = Z. + Uozs (3)

0.29979BC
K%

P
(4)

p = wi=~ (5)

The first three equations describe the helical orbit
parametrically in terms of the path length S. The three
parameter a, b, and p refer to the circl~ and are the location
of the circle’s center and
related to the helix pitch,

211Iuozl
pitch =

K

its radius. K, in units of cm-l, is
the distance between turns:

(6)

The parameter $0 is the ir,itial azimuth angle, related to
the initial (s = O) directional cosines in x and y:

uox = -pKsin$lo

‘Oy = pKCIISI$o

(7)

(8)
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The third directional cosine is u
and u is shown in Eq. [5), a resu??”
requirement that the sum of squares of
cosines must add up to 1.

For c~mpleteness, I have included Eq.

How it connects to p
that flows from the
all three directional

(4), which shows how~
relates to the magnetic field B. (in lcilogauss) and the momentum
p (in MeV/c).

I shall now recast the helix equations into a different form
by eliminating the path length parameter s:

0= —
tan-ly - b

a -x

Z=zo+a$lo

Equation (9) is it, the

(9)

(10)

(11)

(12)

4 vs. z connection alluded to
earler. With the circle already known (a, b, and p extracted
from a circle fit), the azimuth angle $ can be found for every

(x,Y) coordinate used in f Eting the circle, then a linear fit to
z performed, the process yielding the two parameters A and Z.
With A found and p already known, the parameters K and Uoz can be
extracted through the auspices of Eqs. (5) and (11).

But here iu the rub: Equatior (10), the prescription for
generating the azimuth angles, is incomplete. The arctangent at
best creates angles in the range [-n,n], and even that assumes
the use of the two-argument arctangent function of FORTRAN fame.
What is missing in Eq. (10) is the 2nn term, where n is the sheet
number of the branch of the helix to which each coordinate
belongs. But a priori, the algorithms do not kn~w the sheet
numbers and there is no easy way of assigning them. Even a short
track making only a fraction of a turn might cross the branch
cut, jumping from one sheet to the next suddenly. A plot ‘f
Eq. (9) is not a straight. line then but a series ~f disjointed
straight lines looking like the profile of a saw blade. That may
not seem so bad at first glance, but you mus~ remember that the
algorithms don’t see a neat even saw blade, continuous except at
the jumps, but rather ihey see discrete points of varying degrees
of precision perching at varying intervals along the saw blade.
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Thanks to the dead regions between modules, the azimuth
separation between adjacent points can be very large, with a
change of sheet number quite likely.

And there is an additional complicat+.on. Just because a
coordinate seems LO fit very neatly on the circle, it doesn’t
follow that the point belongs to the helix, as that marvelous
pattern recognize, the human eye, might tell you after a quick
glance at the side view. So the algorithm assigned to grapple
with the sheet numbers must not be so naive as to assume that
every coordinate found on the circle really belongs.

With the points on the circle arranged in the order of
increasing z, the basic strategy of the algorithm is to feel its
way from point to point slowly and carefully, pausing each time
to decide first whether the point really b~longs and if so
whether it makes a jump in sheet number. The algorithm fulfills
its task by performing a running fit to Eq. (9) using the points
already felt , those ,mlnts having had their sheet numbers
determined. Using the fit, the algorithm calculates z for the
next point, with and without a change in st,eet number, nnd
compares it co the real z. Three projected z’s are considered,
one each for sheet changes of O, -1, and +!. If no projerted z
satisfies the tolerance, currently set at 2.5 cm, the algorithm
chucks the point. Otherwise the point is retained with a sheet
change reflecting the best comparison between real and projected
z*

But getting started -- how is that done? It takes two points
to st~rt a road in $ vs. z. Bear in mind that however che two
are cnosen, one or both ‘)o~ns might not belong to the helix and

,.., . lfot,heydo,,they might not dwell on the same sheet. So the road-
traclng algorithm must expect ‘t’o‘stumble tnto false starts
occasionally and be prepared to try abain.

‘I’healgorithm starts by choosing the first point at randon
from among the ordered points on the circle. The second point is
chosen to be the next one in orde-. Thr advantage ot trying two
neighboring points is that botb urc likely to reside on the same
sheet. At any rate, the algorithm starts off assuming the sam~
sheet number. If that proves wrong (the algorithm soon learns by
losing the roaci),adjacent sheet numbers can then be tritid. If
after that the road still wa,}ders into limbo, tile algorithm
shrugs and mutters to itself, “Bad start~ lg poir.. Probably the
first point or its neighbor doesn’t belong. Better start
somewhere else.” And so it does, a8ain with the first point
chosen at ranaom.

As can be gleaned from the previous section, track fitting
forms nn inseparable part of truck finding. The circle IM found
nnd fitted before a ~ingle z coordinate 1~ scrutinized. Then, an
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the algorithm hacks its way through the saw-toothed grass of $
vs. z in Its search for sheet numbers, it fits z to ~ at every
opportunity. But nevertheless, many characteristics of the
fitting will be more brightly illuminated if they are pulled out
of their setting and given a separate look.

First, be it noted that there is no unique or even obvious
way of fitting a helix. I suppose the mcst “obvious” way would
be to find the shortest distance between each x,y,z-data point
and the helix, treti.teach minimum distan~e like a residual, and
adjust the helix parameters to minimize tbc sum of the squares of
the residilals, with weights or without. But the best method in
my opinion, because it is the simplest, is the 3-and-2 fit: Do
the x,y-view first, a t’nree-parameter fit to the circle, tt,en
follow it with $ vs. z, a two-parameter fit to get the rest of
the description of the helix. Although closely associated with
the track finding algorithms, the 3-and-2 method owes uothlng to
them. The method can be appreciated on its own merits.

First, the circle fit. Uniqueness does not seem to be a
virtue here either. One scheme, however, has greater intuitive
appeal over all the others. I shall lead up to it by first
considering a more gene’:al fitting sch~me.

Fltcing a circle described by a, b, i’.rdp to a bunch of data
points (x,y) involves a least squares sum of some sort of
residuals (1 am dealinb with only unwef.ghted fits). Here are the
residuals oi interest:

6rn - On - rn (13)
. ,. . .

r = ~~x - a)~ + (y - b)~ (14)

where n is any fixed positive number, not necessarily an integer.
Intuitively, the choice of n - 1 seems best. 6r1 is tile

uncomplicated, straight-forward radial residual, the common kli~d
0: thing that shows Up in most least aquareO fittine.
Unfortunately, ~lnlike fitting a straight line, the least squares
&urn of 6r1 leads to non-linear equations In the parameters a, L,
and p, a not very pretty feature.

However, for n = 2 (and only n - 2), linear equations do
result. Or to be r,oreprecise, the equations are linear in a, b,
and the combination p2 - a2 - b2.

but while n = 2 produce~ cleaner mathemat!.cn, its ugti ia not
a~ intuitively Persulr.ive. So here is what the algorithms do:
Throughout most of the work the n - 2 reeiduala are used. It ill

only whun we want fintilvaluen fur the circle par~met~ru that tbe
al~orithms switch to the n - 1 residuals. And the non-linear
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mathematics? Pretty easy at this etage. The mathematics of n = 2
have given good starting estimates for quickly Iterating to the
final val~tesvla Newton’s method (Eq. (19) below).

At this point I shall write down the n = 1 mathwrnatics. I
do this not only for completeness but also to show how the
mathematics of n-l ultimately lead to a calculation o: momentum
reso!,ution.

L-f - (xi - 8)2 + (y~ - b)2

h2 = ~r~l(xi - a)

h3 - ~r~l(yi - b)

h4 = ~r~1[r~2p(xi - a)2 - 6r~]

(15)

(16)

(17)

(18)

(19)
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‘P = el

1/2
‘P

= UREP

(20)

(21)

The last equation shows how OR, the sigma of the n = 1
residual distribution, which is approximately Gaussian, relates
to the sigma of the error distribution for p, the radius. The
connection, E is the error matrix element. I call the latter
the geometric~i factor. The qU&HltltY OR, which depends on the
details of coordinate reconstruction, Is treated in this analysie
as a universal constant. All helixes have it. Not so Ep. That
quantity depends on the ge~try of the helix under study. Some
helixes have a large Ep , others a much smaller one. Ar,d SO ap

also reflects the geometry: u describes the (almost) Gaussian
way the error in p distribute~ itself under a specific set of
geometrical considerations. Charge the geometry and the width of
the distribution changes accordingly.

With the results of the circle fit in hand, the two-
parsmeter fit of $ vs. z can be performed. The algorithm chooses
to perform the fit by invoking the least squares sum of the z
residuals, a straight-forward procedure once th~~ sheet number~
are assigned. I now write clowna series of equati~}nsparalleling
Eqs. (15) through (21), showing the mathematics of !he fit:,..

(22)

(23)

(24)
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()
E-H-l-q~2

e3

(:) -E(:)
(25)

(26)

EA = e3 (27)

a~
1/2

= OZEA (28)

Like Eq. (21), the last equation shows how Oz, the sigma of
the z residual distribution, also nearly Gaussian, connects to
the sigma of the error distribution in A, the helix pitch
parameter. The connection is again an error matrix element,
another geometrical factor. ‘or like ‘h~ oz is essentially a
universal constant while EA varies rrorn helix to helix, just as
Ep does.

I am now in a position to write down the complete error
matrix results for the momentum and angle resolutions. For that
purpose I will let B stand for Uoz, the cosine of the el,ectron’s
angle of ●mission. Through the auspicea of Eqs. (21) and (28), 1
can write down the sigmas for r and p:

This then completes the fittil}8of the helix.

PUTTING TOGETHER THE COMPLETE TOPOLOGY

Finding the heiix does not automatically end the job. The
helical track must be reconciled with the muon truck candidate.
Already some reconciation exists since in the search for the
helix the algorithm have forced a certain cozineae batween the
x,y-projection of the helix and the muon track’s end point. But
that ie not enough. The end plllnt m18ht be wron~ or the heljx
ill-found in nome way. More ce~tI~ need to be mada, And th@r@
nr~ come rather aasy ones waiting in the wiuga, Thene teatu are
haned on n very ●implo obaervat{on:
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Tl?e coordinate fitted to the helix must in the end all lie
eithe~ ~b~o=ow~h~m=n%_e fioi~an~n~e~st stick

.—
——— ..— .— . —— ——
out of the TPC.—.. — —

Why do I say “in the end”? Because muons are prompt,
electrons delayed. At the time the helix is first reconstructed,
it is in the wrong place. It is up too hiah, a distance
equivalent to the time the muon sat around waiting to decay. To
test the topology, we must move the helix down to its rightful
place. Or rather, the very act of trying to move it to the right
place constitutes the test.

How is the “right” place de~ermined? ii;? moviag the helix
until it comes closest to the end point of the muon track.

That bare statement needs amplification. Naturally, it is
perfectly correct to say that the fitted helix ~~houlJ come as
close as possible to the end point stnce the electron track
originates there. Only finite precision and the muon’s finite
deci~y time sunder electron from muon. But the helix, looked upon
aa a mathematical construct, has an infinite number of closest
points, all bearing the same x a:ld y but diifering in z by one or
more pitches. Moving the helix down until the first of these
points becomes closest may not be enough; the muon may have sat
around longer than that, long enough to allow the helix’s
apparent upward dr!ft to encompass additional pitches.

So the algorithm must.deprees the helix that firrnt fraction
of a pitch plus any additional integer pitches untfl all the
helix coordinate~ reach one side of the muon’s end point or, if
they were all already on the up side, until me mor~ pitch would
split them UP,, ,The,,algorithm is not a complete ~tickler for
this, however. Iecn(lse ‘of finite precision’ ‘ii the ’coordinateu, ~ ‘ ,
the helix might be left with one or two points a little over the
border marked by the muon’s end point or ● little out of the
TPC’S end planes. Under certain conditions, it 10 even possible
thtit the helix might find itself raised a little. This can
happen when the muon’s end point is already quite close to a

—.

helix loop, the end point being a little above by ● small
fraction of a pitch, and other condition forbid a downward
movement of the helix.

The known drift velocity nnd the dintance the helix has to
be deprencted disclose how long the muon lived. A histogram of
that over many evente should look like an exponential with a
decay time of 2.2 Usec, which, if it does, oervee as a quick and
simple overall test of how well the algorlthm~l ~ra doing th~ir
job%. l,nFig, 4 I prenent ouch a hiatoBra\,. The average decay
time to indeed quite close to 2,2 Vmec.

Of all the problems the ~l~orithmg run into, th~ hig~eut
failing reaidee in the matching of t,ha muon track to the heiix.
The reasons for that sre pretty cleor: the paucity of muon
coordinates in n typical event , muon coordlnatea wrongly
identified, the stringent requirernenta for matching, TIM!!
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Fig. 4. Muon decay time.

algorithms purposely make matters tough based on the philosophy
that it is better to miss the solution entirely than to grnb onto
a wrong one. of” course it can be argued that, as far as
introducing blames into the Mf,chel spectrul,, goes, missed
&olutiona are ourely as bad as wrong ones. But the likeliest
reason for missing the boat in the case of a failure tu match
muon to electron centeru on the muon. An event with e wrongly
found muon track amella very similar to a trigger inefficiency as
far as the event’e final diepoaition 18 concerned. And a muon
that fails to trigger the TPC has no biae associated with it; the
reaso~~r fnjlinR to tr{g~er 10 probably unrelated to the way
the muon em~ts the decny electron.

With the auccensful re-positioning of the h~li~, the
analysis of the topolo~y is comploteo

PERII’ORMANCI,)RESOLUTION, AND ACCEPTANCE!;

To a~k the quentiol~, Now well do the algorithms perform?
would have little relevance without #ome m~ntiou of the TPC’e
renulutjon and acceptance, Certain topologie~, like elt?ctronn

amitted very far forwnrd or buckwnn!, gencrutc~ too fcw

coordinace~ for a helix fit and henco c~lnnot be donet oth~r
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topologies turn out to be only marginally doable; such a catagory
includes some types of flat tracka -- marginal because of
multiplexer ambiguities. Still others can be done reliably but
produce imprecise measurements of the momentum; helixes with few
coordinate or a small turning angle are that type.

So the question should read: How well do the algorithms
perform in a cut domain, those regions of the TPC blessed with
doable topologies and good resolution? The answer 1s: Quite well.
Indeed, when you coneider that our understanding of the TPC is
still in the preliminary stages and that we have yet to complete
the instrument’s calibratir,~, the algorithms do remarkably well.
Figure 5, which eho$s the Michel spectrum, bears out that
assessment. In looking at the figure, two salient featuraa leap
to the eye. One is how closely the 8olid line noses after the
data. That curve was calculated from the V-A theory of muon
decay with resolution and acceptance folded in (radiative
corrections are not included, however). The agreement between
calculated curve and data demonstrates that, despite our
currently limited understanding of the TPC, we can handle the
cuts pretty Well. The second Rtriking feature (S the aharpnfas
of the Michel edge. That sharpness speaks unambiguously of the
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FIK. 5. TIIOMichel apoctrum over che cut TPC.
Solid line is V-A theory with ACCeptRnc:e and resolution.
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quallty of the momentum resolution we are currently seeing in the
TPC. A direct measurement of the momentum resolution over the
observed Michel spectrum la shown in F~&. 6. The quantity 6PIP
is calculated by the error matrix method described in the last
section. The resolution averages to a value of 0.7%.

As our understanding of the TPC deepens, so will mstters
like resolution and acceptance improve. At the present time we
are far from achieving the precision in pad Interpoiatlon we
would like to see. C(,rrections like the E cross B effec~ ~~ave
yet to be studied and applied. That we see already as good a
momentum resolution as we d~ speaks eloquently 01 t.hc TPC’S
Iaherent capability of measuring momenta wcllt That fine
capability automatically springs from built-in geometrical
factor~: many samplings of the orbit 8pread over one or more
helical turns,

The acceptance we are achieving at the present time, an
acceptance based on one magnetic field setting, the field that
keeps electrons oi 52.t MeV inside the chamber -- that acceptance
is 1/3. The acceptance should also improve as we come to
understand the TPC better, although tne acceptance will never
reach 100%. Yet, through the use of different magnetic fields,

1-

,,0.

“

f’ 1 1 1
,m@,aMo,91a ol@i*o{m90 0-0> -0.-0.04-

AP/P



-20-

topol.ogiea now hard or fmpos81ble to get 8hould become doable
with good resolution. It msy come tc pass that we will be able
to overlap acceptance ~an.ges through the use of different field
settingn and in effect achieve an acceptance approaching 100%.

One final question could be a8ked: How fa8t are the
algorithms? On the V.AX 12 takes about one second of CPU time to
analyze an event. Now * that Iricludea everything, the track-

finding algorithms as weil as things like the algorithm that
constructs coordinate from the raw digitizer data. So all I can
say is that the alqcrithms discussed h,ere take less than a second
on the VAX (on the cv=rage) tc reconstruct a topology.

CfJNCLUSIUNS

Within the domain defined by doable topologies and good
momentum resolution, the track finding algorithms for our TPC, as
things now etand, do quite well. The biggest failing resides in
the matching of helix to mnon, and we think that such failings,
in that they thro~* out events rather than reconstruct them
wrongly, act like r trigger inefficiency as far as introducing
biase8 are co’lcernel. Many r.!ther novel features are employed to
help unravel the topologies, incluciing a random number generator
for searchinq for the helical track’s planar projection. Also
employed are a shotg~n approach for locating the muon track and,
in the ctise ~~f the hellcal tide view, a carefutly thought-out
procedure for extracting the correct branch of the helix to which
each coorcli~~te belongs.

One final comment. Tileempli~sls here is on the fact that we
.b*Q ‘ have dkbt?ldped a&’tidrRi,\g’schetie of’ track reconstruction, not a

final one. Much—~~rk has to be done in urdertitandinu and
calibrating the T?C. By exten8ion, the preliminary utatus of
matters reflects on the algorithms. AE our understanding
deepen8, so too will the algorithms change to reflect that
understanding, But in the round, the basic ideas presented here
will not, I suspect, Changet

1. W. W. Ki,!niaon,“A TPC Spectrometer for Measuring the e+ Spectrum
jn u Decay” (Proceedir,g6,this conference).


